Recent genome-wide interrogations of transcribed RNA have yielded compelling evidence for pervasive and complex transcription throughout a large majority of the human genome. Nevertheless, a significant portion of this transcribed RNA appears to be non-protein coding and is currently uncharacterized. In-depth analysis of 1% of the human genome (30 Mb) performed by the Encyclopedia of DNA Elements project revealed that 92.6% of the interrogated bases could be detected as primary transcripts and that, among these, many novel non-protein-coding transcripts could be identified (1) . Similarly, another study found that the majority (64%) of polyadenylated (poly-A1) transcripts 200 nucleotides (nt) in length lay outside annotated protein-coding regions (2) . These and other genome-wide analyses have led to the identification of tens of thousands of noncoding RNA transcripts expressed from the human genome, most of which have yet to be functionally characterized. Along with the revelation that noncoding RNAs in the human genome are surprisingly abundant, there has been a surge in molecular and genetic data showing important and diverse regulatory roles for noncoding RNA. The various classifications of noncoding RNA and their associated functions are summarized in Table 1 . In this report, we will discuss the involvement and function of some of these noncoding regulatory RNAs in the context of mental retardation disorders to which each has been linked.
FMRP-mediated translational regulation and the microRNA pathway
Fragile X syndrome is a common form of inherited mental retardation, with an estimated prevalence of about 1 in 4000 males and 1 in 8000 females (3) . Syndromic phenotypes arise due to loss-of-function mutations in the FMR1 gene, generally due to expansion of an unstable ÔCGG' trinucleotide repeat in its 5# untranslated region. Large expansions of the ÔCGG' tract are associated with dense CpG dinucleotide methylation, transcriptional silencing of the FMR1 gene, and loss of the functional protein, fragile X mental retardation protein (FMRP) (3) .
Initial biochemical characterizations of FMRP indicated the involvement of noncoding RNAbased mechanisms in the molecular etiology of Fragile X syndrome. Proteins of the small, highly conserved family to which FMRP belongs (fragile X-related or FXR proteins) harbor two K homology (KH) domains and a cluster of arginine and glycine residues (an RGG box) (4, 5) . KH domains and RGG boxes are common among RNA-binding proteins. Indeed, the KH domains and RGG box of FMRP have been found to mediate FMRP-RNA interactions both in vitro and in vivo (6) (7) (8) (9) (10) . Both domains contribute to the role of FMRP as a suppressor of target messenger RNA (mRNA) translation through binding of noncoding RNA structures, including G-quartets and Ôkissing complexes' (also known as looploop-pseudoknots), within the untranslated regions of target mRNAs (6, (8) (9) (10) (11) (12) (13) (14) (15) . The ability of FMRP to bind RNA and suppress translation has definite clinical relevance, as evidenced by a severely affected individual with an I304N missense mutation in the KH2 domain of FMRP (10) .
Consistent with its role in translational suppression, FMRP has more recently been linked to the microRNA (miRNA) pathway (14, 16, 17) . miRNAs are 18-to 24-nt small noncoding regulatory RNAs that are known to regulate translation of target mRNA molecules in a sequence-specific manner (Table 1 ; summarized in Fig. 1 ). These small RNAs are endogenous, evolutionarily conserved genes that are generally transcribed (much like protein-coding mRNA transcripts) by RNA polymerase II, with a subset being expressed by RNA polymerase III. Primary miRNA transcripts are processed to precursor miRNA (pre-miRNA) within the nucleus by a microprocessor complex, which includes an RNAse III-type enzyme (Drosha) and its RNA-binding partner, DGCR8 (Fig. 1) . Pre-miRNAs are subsequently exported from the nucleus in a Ran-GTP-dependent manner through an exportin-5-containing nuclear pore complex. Once inside the cytoplasm, premiRNAs are further processed into mature 18-to 24-nt miRNA by another RNase III-type enzyme (Dicer) and its associated RNA-binding cofactors. Mature miRNA are quickly loaded as single-stranded RNA onto an Argonautecontaining RNA-induced silencing complex (RISC). Generally, a miRNA then guides the RISC to cognate mRNA through fully or partially complementary sequences within their 3# untranslated regions (3#-UTRs), thereby repressing translation of the targeted mRNA through inhibition of either translation initiation or elongation (18) (19) (20) (21) . However, more recent evidence has suggested miRNA function beyond that of translational suppression through targeting of complementary sequences in mRNA 3#-UTRs. miRNAs have now been computationally and experimentally shown to negatively regulate protein expression through targeting of mRNA-coding sequences (22) . Conversely, miRNAs have also been found to upregulate translation of target mRNAs in a cell-cycle-dependant manner, switching between translational suppression in proliferating cells and translational activation in quiescent cells (23) (24) (25) . In these ways, a single miRNA may simultaneously regulate the expression of multiple mRNA targets and thereby act as a rheostat to fine-tune protein expression (26, 27) . A central challenge that remains toward the study of miRNA-mediated gene regulation and its relevance to human disease is the development of reliable methods by which miRNA targets may be experimentally determined. Efforts toward this end have and continue to include a combination of sequence-based computational prediction of target sites, immunoprecipitation of miRNA/mRNA-containing Argonaute complexes, and large-scale detection of mRNA destabilization and protein output in response to altered miRNA expression. Methods for the computational and experimental identification of miRNA targets have been reviewed extensively elsewhere, and we refer the reader to these reviews (28) (29) (30) . Another important consideration relevant to the function of miRNA in human disease is the potential contribution of genetic variation at miRNA target sites. This topic has itself been thoroughly reviewed (31) . Although this is a rapidly emerging area of interest in human disease, there are currently no examples of such a mechanism contributing to mental retardation. FMRP interacts biochemically and genetically with known components of the miRNA pathway. Experiments in Drosophila revealed specific biochemical interactions between dFmrp and two functional RISC proteins, dAGO1 and Dicer (16, 17) . These interactions were relevant on a genetic level, as well. dAGO1 dominantly interacted with dFmr1 Fig. 1 . The miRNA pathway. Within the nucleus, pri-miRNA transcripts are generated by either Pol II or Pol III. The stemloop structure of the pri-miRNA is recognized and cleaved by the microprocessor complex, including Drosha and its partner, DGCR8. The 60-to 70-nt pre-miRNA is then exported from the nucleus in a Ran-GTP-dependent manner and processed a second time in the cytosol by Dicer. Processing by Dicer is immediately followed by loading of a single-stranded 18-to 24-nt mature miRNA into RISC. The mature miRNA loaded into RISC is referred to as the guide strand as it is what will guide the RISC to a target mRNA in a sequence-specific manner. Once directed to a target mRNA, RISC can mediate translation by inhibiting the initiation or elongation step or through destabilization of the target mRNA. Alternatively, miRNAs may also upregulate translation of target mRNAs in quiescent cells through an AGO2/FXR1-related mechanism, as described in the text. mRNA, messenger RNA; miRNA, microRNA; pri-miRNA, primary miRNA transcripts; RISC, RNA-induced silencing complex.
in both dFmr1 overexpression and loss-of-function models. Overexpression of dFmr1 leads to a mild rough eye phenotype due to increased neuronal cell death. Introduction of a recessive lethal allele of AGO1, which contains a P-element insertion that reduced its expression, suppressed the mild rough eye phenotype. The loss-of-function model revealed that dFmr1 regulates synaptic plasticity because the absence of dFmr1 results in pronounced synaptic overgrowth at the neuromuscular junctions (NMJs) of Drosophila larvae; this is reminiscent of the dendritic overgrowth observed in the brains of Fmr1 knockout mice and human patients. While both dFmr1 and dAGO1 heterozygotes had normal NMJs, a trans-heterozygote displayed strong synaptic overgrowth and overelaboration of synaptic terminals (14) . This result suggests that a limiting factor for dFmr1 function at synapses is a functional AGO1 protein, which implicates the miRNA pathway in human disease. Furthermore, dFmr1 also interacts genetically with AGO2, as exemplified by their ability to co-regulate ppk1 mRNA levels (22) . Recent studies provide further evidence for the involvement of FMRP in miRNA-containing RISC and P body-like granule in Drosophila neurons (23) . Additionally, recombinant human FMRP is able to act as an acceptor for Dicer-derived miRNAs, and, importantly, endogenous miRNAs themselves are associated with FMRP in both flies and mammals (14, 16, 17, 32) . In the adult mouse brain, Dicer and eIF2c2 (the mouse homolog of AGO1) interact with FMRP at postsynaptic densities (33) . Presumably, this interaction works to regulate translation of target mRNAs in an activity-dependent manner. As a consequence of this localized interaction, FMRPmediated activity-dependent translational suppression is suspected to occur through the miRNA pathway (summarized in Fig. 2 ).
It is also of note that a member of the FXR protein family, FXR1, has been implicated in miRNA-mediated translational upregulation through an association with AGO2 on AU-rich 3#-UTRs in quiescent cells (23) (24) (25) . However, the relevance of these observations to FMRPmediated translational regulation and toward involvement of miRNA function in mental retardation disorders and human disease in general remains unexplored.
Disruption of miRNA biogenesis in 22q11 deletion/DiGeorge syndrome Individuals with DiGeorge syndrome have behavioral and cognitive deficits that lead to childhood pathologies, including attention-deficit hyperactivity disorder (ADHD), obsessive-compulsive disorder, and autism spectrum disorder (34) (35) (36) . These manifestations are the result of a common chromosomal abnormality, a 3-Mb hemizygous deletion on chromosome 22 (22q11.2) (37). This region (called the DiGeorge critical region) comprises more than 25 genes, making this syndrome a classic contiguous gene syndrome. Despite numerous human and mouse studies implicating a small subset of these genes (e.g. Tbx1, Comt, Prodh, and Gngl1) as contributors to the morphological or behavioral phenotypes of this syndrome (1, (38) (39) (40) (41) , the genetic basis of the cognitive impairments have gone largely unexplained. However, Gogos and colleagues recently showed that the heterozygous disruption of a single gene found in the DiGeorge critical region, Dgcr8, results in cognitive delay, specifically in spatial working and memory-based learning (42) . DGCR8 was already known to be required for miRNA biogenesis ( Fig. 1) (1). Gogos's group found a reduction of mature miRNAs in the brains of mice containing either the Dgcr8 disruption or the syntenic hemizygous deletion of the DiGeorge critical region. Together, these data argue that the heterozygous loss of DGCR8 causes abnormal miRNA Fig. 2 . Translational regulation by fragile X mental retardation protein (FMRP) mediated through the miRNA pathway. FMRP binds target mRNAs through its two KH domains and single RGG box. RISC proteins, including Argonaute (Ago), may then interact with FMRP and use a loaded guide miRNA to interact with target sequences within the 3#-UTR of RNA bound to FMRP and suppress its translation. In this manner, the KH domains and RGG box of FMRP may help to initially bind target mRNAs, ensure proper targeting of guide miRNA-RISC within 3#-UTRs, and proper translational suppression. 3#-UTR, 3# untranslated region; KH, K homology; mRNA, messenger RNA; miRNA, microRNA; RISC, RNA-induced silencing complex.
biogenesis and leads to a deficit in cognitive performance. The identity of the downstream targets that are misregulated in these miRNA-deficient mutants may provide further insight into the pathogenesis of DiGeorge syndrome as well as learning and cognition in general.
miRNA regulation by and of MeCP2
MECP2 is the primary gene in which de novo mutations are known to cause the X-linked dominant neurodevelopmental disorder called Rett syndrome (RTT). MECP2 encodes the DNA methyl-CpG-binding protein, MeCP2 (43) . The general association of methyl CpG dinucleotides with heterochromatic or transcriptionally silent regions of the genome led to the hypothesis that MeCP2 normally functions as a component of transcriptional repressor complexes (44, 45) . MeCP2-null and MeCP2 transgenic mouse models, which, respectively, mimic loss-of-function MECP2 mutations and MECP2 gene duplications, also display RTT-like phenotypes (44) . Furthermore, recent clinical observations correlated duplications of MECP2 with Rett-like phenotypes, although overall such duplications result in clinically distinct phenotypes. Together, such observations are consistent with a dose-dependent mechanism for MeCP2-mediated regulation of target transcripts whose misexpression during development is pathogenic. Thus, the molecular etiology of Rett syndrome is thought of as rooted in the transcripts displaying altered expression in the absence or excess of functional MeCP2.
To date, most concerted efforts to identify MeCP2 target transcripts have focused on protein-coding mRNA transcripts. These approaches have revealed a number of direct MeCP2 target genes in specific cell and tissue types [summarized in (44) ]. However, as pathogenic target transcripts have yet to be convincingly identified, we will expand the discussion of MeCP2 target transcripts to include noncoding RNAs and highlight recent observations surrounding the involvement of noncoding RNAs in MeCP2 function.
Examination of an imprinted locus on mouse chromosome 9, in which genes are known to be imprinted and expressed specifically in brain, revealed that MeCP2 binds upstream and regulates the paternal expression of a miRNA (miR-184) located within 55 kb of the imprinted locus. Moreover, the induction of miR-184 expression in depolarized cultured neurons is concomitant with a loss of MeCP2 binding upstream of the miR-184 locus. These data indicate that the regulation of miR-184 expression by MeCP2 is activity dependent. It was noted, however, that in whole brain tissue derived from MeCP2-deficient mice, there is a slight decrease in miR-184 expression compared with wild type (46) .
Regulation of miRNA expression provides an alternative means by which MeCP2-mediated epigenetic regulation could ultimately influence protein expression and phenotype. Rather than directly influencing the expression of mRNA protein-coding transcripts, MeCP2 may also regulate the transcription of noncoding RNA elements, such as miRNA. Thus, in the absence of MeCP2, some miRNAs might display increased expression, which may result in a negative effect on the translation of mRNAs targeted by that particular miRNA (summarized in Fig. 3) .
The cAMP response element-binding (CREB) protein is known to be a critical transcription factor regulating neuronal plasticity and activitydependent refinement of dendritic branching, both of which are defective processes in RTT patients. Initial identification of CREB protein targets identified a miRNA (miR-132) that was predicted to posttranscriptionally regulate MeCP2. In postnatally cultured rat neurons, miR-132 did in fact directly repress the expression of MeCP2. However, by blocking miR-132-mediated regulation of MeCP2, thereby increasing MeCP2 levels, it was found that the expression of brain-derived neurotrophic factor (BDNF) increased (47) . These results were contradictory to two previous studies describing the activity-dependent release of MeCP2 from the BDNF locus in embryonic cultured neurons, which indicated that MeCP2 was acting as a negative regulator of BDNF (39, 40) . Because BDNF is both a known target of MeCP2 and an activator of CREB, together, these findings led to the hypothesis that miR-132 functions within a feedback loop involving homeostatic regulation of MeCP2 expression through BDNF-activated CREB. Homeostatic regulation of MeCP2 by miR-132 may therefore indicate a mechanism by which MeCP2 levels are normally maintained within the narrow range required for proper neuronal development and synaptic maturation in the postnatal brain and highlight the importance of miRNA in these processes (48) .
The influence of MeCP2 at imprinted loci may also be of significance in RTT and other mental retardation syndromes. In fact, a common feature among imprinted loci is the presence of noncoding RNA and antisense transcription. Although much of the data surrounding MeCP2-mediated transcriptional control at imprinted loci have been controversial, with many groups obtaining conflicting results, few have examined the expression of noncoding RNA derived from these loci. The imprinted loci implicated in RTT have been reviewed in detail elsewhere (49) . From these data, it remains possible that MeCP2 mediates allelespecific expression of noncoding RNAs from imprinted loci by directing or establishing a chromatin state in the imprinted region, which in turn affects the transcription of nearby protein-coding genes. In fact, MeCP2 has been proposed to function in establishing Ôchromatin loops' that allow for proper expression of the included transcripts (49) , and it is an intriguing hypothesis that noncoding RNA may play a role in the formation or maintenance of such chromatin structures.
Small nucleolar RNAs and Prader-Willi syndrome
The hallmarks of Prader-Willi syndrome (PWS) appear during infancy as muscle hypotonia, feeding difficulties, and a failure to thrive; around 18 months, these children begin to gain excessive weight, resulting in obesity, and they exhibit hypogonadism and mental retardation (50) . The complex genetic etiology of this syndrome includes genomic imprinting and contiguous genes within the 15q11-15q13 genomic region (Fig. 4) . The paternal inheritance of a large interstitial deletion within this region is the cause of PWS in 70% of cases (MIM 176270). The large size of these deletions made it a challenge to identify the gene(s) responsible for this syndrome until recently when a child diagnosed with PWS had a microdeletion within this region that spanned only 175 kb (Fig. 4) (51) . Remarkably, C/D box small nucleolar RNAs (snoRNAs) are the only paternal transcripts expressed in this region, effectively demonstrating that a deficiency of these snoRNAs is sufficient to cause PWS.
The C/D box snoRNAs expressed in the PraderWilli genomic region arise from the introns of the paternally expressed protein-coding gene SNURF-SNRPN, which spans several hundred kilobases (52, 53) . The microdeletion resulted in the loss of the HBII-438A snoRNA, the entire HBII-85 cluster (29 snoRNAs), and a portion of the HBII-52 cluster (23 of 42 snoRNAs; Fig. 4) (51) . Consistent with the involvement of snoRNAs in proper brain development and mental retardation, the HBII-85 snoRNAs are expressed predominantly in both the human and the mouse brains, and a mouse model containing a deletion of the HBII-85 snoRNA cluster exhibited a deficiency in motor learning and increased anxiety (54) . The function of most C/D snoRNAs is to base pair with target sequences (ribosomal RNAs and small nuclear RNAs) and mediate site-specific methylation of a ribose 2#-hydroxyl group (55) . To date, the targets of the HBII-85 snoRNAs are unknown, but they are of great interest for the potential development of therapies.
An antisense transcript regulates ubiquitin ligase E3A and Angelman syndrome
Angelman syndrome (AS) is characterized by microcephaly, severe mental retardation, hyperactivity, seizures, abnormal electroencephalogram (EEG), and an ataxic gait with hand flapping (56) . AS and PWS will always be linked because they share a genomic region (15q11-15q13) and a reciprocal imprinting regulation mechanism; PWS is caused by a disruption in paternally expressed genes (i.e. expressed from the chromosome contributed by the father) in this region, and AS is caused by a disruption in maternally expressed genes in this same region. Nevertheless, the genes that cause these syndromes are different and are expressed from the opposite DNA strand of their respective chromosomes (paternal vs maternal). The maternal inheritance of a large deletion within this region is the cause of AS in the majority of cases (70%) (57) . Mutations in a single maternally inherited gene, ubiquitin ligase E3A (UBE3A; Fig. 4 ), also causes a slightly less severe AS phenotype, and mutations in other maternally inherited neighboring genes (ATP10A and GABRB3) in combination with UBE3A may contribute to the full severity of the syndrome (27, 58, 59) .
UBE3A is expressed from the maternal allele in the fetal brain and in the adult frontal cortex in humans and plays a role in catalyzing the transfer of activated ubiquitin to specific target protein substrates (60) (61) (62) (63) (64) . These findings suggested that UBE3A exhibits a tissue-specific imprint in the brain and led to the discovery of an antisense transcript, UBE3A-ATS, which is paternally expressed in the brain and functions in cis to silence expression of UBE3A from the paternal allele (65, 66) . The human UBE3A-ATS is a large (460 kb) noncoding RNA that initiates near the Prader-Willi imprinting center, extends through the SNURF/ SNRPN gene, and overlaps with UBE3A (Fig. 4)  (53) . While the mechanism of antisense-mediated silencing used by the UBE3A-ATS remains unknown, possibilities include degradation of the sense/antisense RNA double strand, transcriptional interference due to simultaneous occupancy of RNA polymerase on the positive and negative strands of the chromosome, and an antisensemediated chromatin modification (67) (68) (69) (70) (71) . A mouse model that deletes the paternal promoter region of Ube3a-ATS does not express Ube3a-ATS in the brain and results in the biallelic expression of Ube3a in these mutant mouse brains (72) . Unfortunately, these mutant mice also lack expression of the snoRNAs in the Prader-Willi critical region and cannot be used to determine the effect of the biallelic overexpression of Ube3a in the brain. However, children who inherit a maternal duplication of the 15q11-q13 region, which effectively simulates biallelic expression of UBE3A in the brain, have autism (73) . These findings underscore the essential role that the UBE3A-ATS noncoding RNA plays in maintaining the proper amount of UBE3A expression. Further work is necessary to determine the UBE3A-ATS silencing mechanism.
Overexpression of miRNAs contributes to Down syndrome Down syndrome (DS), which affects 1 in 700 newborns, has a variable phenotype that includes congenital heart defects, craniofacial abnormalities, and cognitive impairment (74) . DS is caused by triplication of all or part of human chromosome 21 and is often referred to as trisomy 21. The extra chromosomal segment results in an increase in gene dosage by as much as 50% in multiple genes, perhaps explaining the DS phenotype (75, 76) . Genotype and phenotype correlations of partial trisomy cases allowed for the identification of a Down syndrome critical region (DSCR) whose duplication is associated with many of the DS phenotypes, particularly mental retardation (77, 78) . To date, we know of more than 30 genes overexpressed in key brain regions within DS individuals; 13 of them reside in the DSCR, including DOPEY2, SIM2, and DYRK1A (reviewed by Rachidi and Lopes) (79) . Although these genes are all considered good candidates and need to be characterized further at the proteomic level, explorations of other genetic contributors to mental retardation in DS are underway.
Recently, Feldman and colleagues investigated the potential contribution of miRNAs in DS and computationally found that chromosome 21 encodes five miRNAs (miR-99a, let-7c, miR-125b-2, miR-155, and miR-802), all of which are overexpressed in fetal brain and heart tissues from DS individuals, suggesting that they might contribute, at least in part, to the cognitive and cardiac defects seen in DS (80) . Notably, none of these miRNAs are located in the DSCR; however, another finding that supports a role for miRNAs in DS is that miR-155 downregulates a human gene associated with hypertension, angiotensin II type 1 receptor (AGTR1) (81) . Indeed, DS individuals do have lower blood pressure and lower AGTR1 protein levels than those without DS.
Associations between a miRNA and a DS phenotype are unlikely to be rare, even for miR-155, because each miRNA has the ability to regulate a large number of protein-coding genes (1, 82) . Moreover, improved computational and experimental methods continue to reveal the location of new miRNAs, suggesting that there remain unidentified miRNAs residing on chromosome 21 and in the DSCR. As miRNAs and their interactions with target RNAs become clear, they will make excellent candidates for the development of therapies for individuals with DS.
Other observations and implications about noncoding RNAs in mental retardation
There are additional observations linking noncoding RNAs and mental retardation, as well. Coincident with the transcriptional silencing of the FMR1 gene is also the silencing of a recently identified noncoding transcript, ASFMR1 or FMR4 (83, 84) . ASFMR1 overlaps the CGG repeat of FMR1 and is transcribed in the antisense orientation. Similar to FMR1, ASFMR1 expression correlates to CGG repeat length and methylation status displaying increased expression in CGG repeat premutation carriers (55-200 repeats) and absence of expression in full mutation individuals (.200 repeats) with methylated CGG tracts. Additionally, in the presence of premutation range CGG repeats, ASFMR1 was found to display specific alternative splicing (84) . Despite the region of overlap in the antisense orientation to FMR1, reduced levels of the antisense transcript were found to have no effect on the expression of FMR1 itself. However, it was noted that a reduction in the ubiquitously expressed antisense transcript resulted in a reduction in cell proliferation of cultured HEK-293T cells (83) . Although the function of ASFMR1 remains obscure, the correlation of ASFMR1 expression with CGG repeat length and methylation state warrants further investigation into the contribution of this particular transcript in the etiology of Fragile X syndrome and further implicates the involvement of noncoding RNA in mental retardation.
Other observations linking noncoding RNA and mental retardation have included the detection of a genomic region on chromosome 7, 7q31, in which translocations and deletions have been associated with autism. This particular region holds a complex repertoire of transcripts, including a significant number of noncoding RNAs, collectively known as the ST7 noncoding RNA (85) . Although the functions of ST7 noncoding RNAs remain uncharacterized, they are currently considered tumor suppressor genes (86, 87) . One genomic region linked to a form of X-linked mental retardation classified as MRX3 and Waisman syndrome (early-onset Parkinsonism with mental retardation) harbors a miRNA, miR-175 (88) . Furthermore, Beckwith-Wiedemann syndrome correlates with mild mental retardation in some instances and is linked to the H19 and LIT-1 noncoding RNAs (89, 90) . A microdeletion at chromosome Xp11.3 accounts for cosegregation of retinitis pigmentosa and X-linked mental retardation in a large kindred. The region deleted includes the RP2 gene, which presumably accounts for the retinitis pigmentosa phenotype, two annotated protein-coding genes (SLC9A7 and CHST7), a zinc finger protein (FLJ20344), and two highly conserved miRNAs (miR-221 and miR-222) (91) . Segmental duplications at breakpoints (BP4-BP5) of chromosome 15q13.2q13.3 result in microdeletions/duplications that are associated with a variety of neuropsychiatric abnormalities including features of autism, ADHD, anxiety disorder, mood disorder, mental retardation, epilepsy, and in some instances EEG abnormality. The 1.5 Mb region spanning BP4-BP5 include six reference genes and one miRNA, miR-211, while some patients were found to have a smaller 500-kb deletion that included only three reference genes and miR-211 (92).
Future prospects
Emerging data suggest that RNAs can regulate gene expression at many levels and through an array of mechanisms. Elucidating the functions of these RNAs could vastly improve our understanding and treatment of human diseases. Of particular note, recent discoveries of different types of small RNAs, including miRNAs, Piwi-interacting RNAs, and endogenous small interfering RNAs, revealed a new layer of gene regulation. These Ôsmall' regulatory RNAs could play Ôbig' roles in shaping diverse cellular pathways from chromosome architecture, development, and growth control to apoptosis and stem cell maintenance. How these small regulatory RNAs may contribute to human disease pathogenesis is now being studied in earnest.
In this review, we have summarized the potential roles that different noncoding RNAs might play in the molecular pathogenesis of different mental retardation disorders. The alterations could occur at different levels from the transcriptional regulation of noncoding RNAs and the processing of noncoding RNAs (particularly miRNAs) to the potential recognition between noncoding RNAs and protein-coding mRNAs. We suspect that these findings are just the tip of the iceberg, with these and other noncoding RNAs possibly being involved in disease pathogenesis at different levels and by multiple distinct mechanisms. It is therefore important to take noncoding RNAs into consideration when trying to identify disease-causing gene(s) and dissect the biological pathway(s) altered in the pathogenesis of mental retardation.
